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INTRODUCTION 
Photochemical  carbon  dioxide  reduction  in  the  purple  bacteria 
differs  from the process of photosynthesis in green plants in that a 
reducing substance other than water is required (van Niel and Muller 
(1931)).  Sulfur compounds  (van Niel  (1931)),  organic acids  (Gaf- 
iron  (1933, 1934, 1935 b);  Muller  (1933)),  and  gaseous  hydrogen 
(Roelofsen (1934,  1935);  Gaffron (1935 a) and  van Niel (1935))may 
be used.  The present discussion concerns the reaction which takes 
place in suspensions of Streptococcus varians when irradiated in the 
presence of H~ and CO~. 
For the quantitative study of a photochemical reaction the amount 
of chemical change produced by a known quantity of light absorbed 
by the reacting substance or sensitizing pigment must be measured. 
The investigation of quantum yields of processes in live ceils has three 
aspects: the optical, the chemical, and the physiological.  The optical 
side of the problem is concerned with the determination of the amount 
of light absorbed per unit time under the experimental conditions by 
the reacting substance or by the sensitizing pigment, and with making 
certain that  scattering and  absorption  by other colored substances 
do not obscure the result.  In the classical experiments of Warburg 
and Negelein (1922,  1923) on photosynthesis  in the  alga  Chlorella 
~lgaris, thick suspensions of cells were used so that absorption was 
complete.  For the present work it was found impossible to use this 
arrangement  so  thin  suspensions  of  measured  transmissions  were 
employed (Wurmser (1926)). 
The amount of chemical change was measured with a slightly modi- 
fied differential manometer. 
On the physiological side it is essential to insure that the cells are 
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all actively metabolizing and that the  experimental conditions are so 
chosen that the maximum possible chemical change is produced for a 
given amount of light. 
As  there  is  little  free  energy  change  in  going  from  the  gases 
2H,  %  CO2 to the probable product  (presumably similar to a  carbo- 
hydrate),  it is of especial interest  to  compare the  quantum  yields of 
this reaction with photosynthesis in algae where the bound energy is 
large. 
EXPERIMENTAL 
Physiology o/the Hydrogen and Carbon Dioxide Assimilation 
Before quantum efficiency can be measured and considered to have a 
real meaning it must be established that the rate of reaction under the 
conditions  of the experiment is limited by the light intensity and by 
that  alone.  Preliminary  experiments were  made  to  determine  the 
most favorable methods of growing and handling the bacteria so that 
essentially  all the  bacteria were alive and  active  at  the  time  of the 
experiment.  The factors of H, pressure,  CO, pressure, pH, tempera- 
ture, light intensity, and time interval of the experiment were studied 
and the effects will be summarized here. 
A pure culture of Streptococcus varians designated as Cll was obtained through 
the courtesy of Professor C.  B.  van Niel.  Stock cultures were maintained as 
stabs in agar with peptone or in the yeast extract medium here described.  The 
cultures for daily use were grown overnight at 35°C.  over an Osram show-case 
lamp immersed in  the  thermostat.  Flasks  of the  type used  by  Warburg for 
Chlorella cultures were filled with 100 cc. of sterile medium and inoculated  with 
2 cc. of a similarly grown inoculating stock culture kept under pure culture condi- 
tions at 0°C.  The air was blown out of the flask with a stream of 5 per cent CO, in 
argon and it was sealed  by attaching the same rubber tube to both openings which 
were plugged with cotton.  Such  anaerobic cultures were brown while aerobic 
ones were red.  The medium had the following composition: 
KI-ICO8  .....................................  0.5  per cent (0.05~t) 
NH4CI .....................................  0.1  "  " 
KH,PO4 ....................................  0.05  "  " 
MgCI~  ......................................  0.02  "  " 
Yeast autolysate  I ............................  2.0  "  " 
In the morning the suspension was centrifuged half an hour at 6,000 R.P.~¢. 
(radius about 25 cm.) and the culture solution decanted off.  The bacteria were 
1 Yeast autolyzed 2 days at 50°C. with an equal volume of water, then boiled, 
centrifuged, decanted, and sterilized. c.  s.  ~ZRZ~CH  713 
then taken up in 5 cc.  of tap water and centrifuged at 10,000 R.P.M. (radius about 
10  cm.) for 1 minute, which threw down a  sediment produced by the culture 
medium, leaving the bacteria suspended.  10 minutes sufficed to pack the bacteria 
down; then they were resuspended in the desired  medium for the experiment, 
generally 0.05 M KI-ICO8 in tap water.  Control experiments demonstrated that 
the rate of assimilation  by centrifuged and non-centrifuged  cells was identical and 
TABLE  I 
The Horaogendty of the Bacterial Culture 
Fractions separated after 12 minutes of centrifuging  at 3000 R.p.x¢. 
Fraction  Relative  rate of H2 assimilation  per c,mm.  cells 
1  0.82 
2  0.98 
3  0.84 
4  0.99 
TABLE  II 
Utilization  of Hs in tI~ Light 
Conical Vessels over Slunv-Case Lamp at 25°C. 
Main space: 3.5 cc. 0.033•  KHCO3 containing  240 c.mm. bacteria in each 
Side arm:  0.1 cc. 0.1u K butyrate in each 
Gas  slatc¢  ..................................  5  per  cent  COs/Hs  5  per  cent  COs/A 
fain. 
5 
5 
5 
5 
Light 
Dark 
st 
--22 
--22 
+2 
+2 
MM. 
0 
0 
+3 
-I-2 
Butyrate added from side arm 
5  Dark  +1  +2 
5  Light  -- 29  --  4 
5  "  --27  --3 
that  bacteria  of  differing  activity  could  not  be  fractionated  by  partial  packing,  as  is 
illustrated  by  the  data  in  Table  I.  Cell  volumes  of  suspensions  were  measured  in 
hematocrit  tubes  after  10  minutes  of  rotation  at  I0,000  R.P.M. 
That assimilation of COs and Hs takes place in the light  but not in 
the dark is apparent in Table If.  The assimilation of COs in the 
presence of butyratc is also shown.  Throughout this work it was 714  QUANTUM  YIELD  OF  PHOTOSYNTHESIS m  PURPLE  BACTERIA 
assumed that two molecules of hydrogen were used for one of CO~, as 
was shown to be the case with related bacteria by Gaffron  (1935 a). 
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FIG. 1.  Effect of H~ tension on rate of H~ assimilation.  Conical vessels with 
3  cc.  yeast extract mineral growth medium 0.02  M KHCOs.  114 c.mm. cells. 
Osram show-case lamp below vessels.  Temperature 25°C.  Various amounts of 
Hs in argon.  5 per cent CO2 present in all.  Rate in 95 per cent Hs taken as 100. 
TABLE  III 
Effect of CO~ Tension on Rate of Assimilation in Phosphate Buffers 
Various amounts of CO, in H, in gas phase.  Conical vessels over show-case 
lamp at 25°C. 
CO2  pH  Rate 
(o) 
1 
5 
10 
7.35 
7.55 
7.35 
7.25 
3.9 
27.1 
34.8 
32.3 
On this basis pressure readings were translated to cubic millimeters of 
hydrogen. 
In Fig.  1 we see the relation between rate of assimilation and H~ c.  s.  ~lu~CH  715 
pressure.  Half the maximal  rate is reached at a  tension of 27 turn. 
Hs,  equivalent  to roughly  4  per  cent  of H2 in  the  gas phase.  The 
quantum yield experiments were done with 95 per cent H~, that is a 
pressure of 700 ram. Hg corrected for water vapor.  From Table III, 
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FIG. 2. Rate of Hs assimilation at different pH values as a function of time. 
Conical vessels; temperature  25°C.; show-case lamp; 5 per cent COs in H2; pH 
controlled by various dilutions of KHCOs and measured with a glass electrode. 
it is seen that  5 per cent COs is more than  adequate  for saturation 
with CO2. 
Fig. 2 shows the rate of assimilation at different pH values with 5 
per cent CO2/H~ as a  function of time.  The marked increase of rate 
with time in the favorable range pH  7.5  to 7.9 led to the two experi- 
ments  shown in  Figs.  3  and  4.  The  former  indicates  that  a  dense 716  QUANTUM  YIELD  OF  PHOTOSYNTHESIS  IN  PURPLE  BACTERIA 
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FIG. 3. Rate of H2 assimilation  as a function of time in thick and thin sus- 
pensions. 
Cell volumes  Initial rate  Slope 
Top curve...  216  27  5.5 
Bottom curve ......  72  7  1.5 
Ratio, top/bottom..  3.0  3.9  3.7 
Both these suspensions show a decrease in rate at the same time whereas the 
amount of assimilation  and amount of light absorbed is widely different in the two 
vessels.  This suggests that the changes may be due to something llke an osmotic 
or  salt  effect  rather  than  COs  exhaustion or  accumulation of  photosynthetic 
products.  There was practically no change in cell volume during the experiment. c.  s.  rm~NC~  717 
culture increases in rate just as rapidly as a  thin one.  The effect is 
not due to growth of bacteria as the cell volume does not increase 
during the experiment.  This increase of rate is dependent on the salt 
content (Fig. 4)  as well as the pH.  Still more striking time effects 
influenced by salts have been found by van Niel (1936) with Thiorho- 
daceae.  The nature of this phenomenon is not yet clear, although its 
implications are serious when absolute measurements are needed. 
The interesting behavior of the assimilation process with respect to 
light intensity is shown in Figs. 5, 6, and 11 where it is seen that the 
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curve is sigmoid and more markedly so at high temperatures.  Over 
thirty experiments confirmed this relationship. 
It follows from these curves that dense suspensions absorbing all 
the  light  cannot  be  used  for  efficiency experiments because  in  a 
totally absorbing suspension different cells  receive greatly  different 
intensities.  However, for the curves of Fig. 6 a dense suspension was 
used and total absorption assured by silvering the outside of the vessel. 
It is seen that the near  infrared is  much  more  effective  per  calorie 
absorbed.  This is consistent with more detailed work on the spectral 
FIo. 4.  Rate of H= asslm~]stion in various media.  After the experiment the 
two upper curves had more motile bacteria than the lower ones. 718  QX.rANTUM  YIELD  OF  PHOTOSYNTHESIS IN  PURPLE  BACTERIA 
sensitivity of a photochemical reaction in  SpiriIlum  rubrum  not yet 
published.  It  was therefore evident that  light  in  this  region  and 
a  partial  absorption method would have to be used. 
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17Io. 5.  Rate of Hz assimilation at different temperatures as a function of light 
intensity.  Large silvered differential  manometer, total absorption.  Open circles, 
250 c.mm. cells in 25 cc. of growth medium.  Filled circles, 500 c.mm. cells; 700- 
900 m/~ isolated from filament lamp with Schott filters, BG3 -b RG2 -{- 6 cm, water. 
Factor of 0.5 taken for the transmission of the 15 cm. of thermostat water.  In- 
tensity scale indicates total incident light in cals./min, over the vessel area of 
21.2 cm  2.  At 9.5 ° KH  =  2.84.  Apparent'r =  11.5 quanta/Hs. 
Measurement of Light Absorption by Bacterial Suspensions 
It  was  not  possible in  the  spectral  region used to  estimate  the 
absorption of a suspension of cells by measuring the absorption of the 
extracted pigment because the main band in the infrared is shifted 
very greatly in alcohol.  Therefore, we have used simply the absorp- C.  s.  r~E~C~  719 
tion of the  dilute suspension  as measured directly with a  photocell 
behind a  thin absorption vessel  Various experiments described here 
appear to justify the conclusion that one obtains, under the specified 
--2 
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Light  intef~i~ 
Fio. 6.  Rate of H2 assimilation with different spectral regions as a function of 
light intensity.  Large silvered differential manometer; total absorption;  25 cc. 
bacterial suspension as grown.  42 amp. Osram Kino lamp.  Intensity scale as in 
Fig.  5. 
Approxi- 
mate  I 
wave  length  I  Filters 
regto._.__.~n  [ 
700-900 ]  Schott BG3 -I- RG2 +  6 cm. water 
425-680 [  3 cm. 25 per cent FeS04 in 10 per cent H~SO4 -F 6 cm. water 
425-560 1  1 cm. 2.5 per cent CuSO,  -- NH8 -{- 6 cm. 25 per cent CuSO, 
conditions,  an  approximation  to  the  light  taken  up  by  the  active 
pigment. 
In a rectangular vessel filled with a dilute suspension of colored cells, let: 
I0  =  total entering light (corrected  for glass reflection), 
I  ffi total light emerging from the opposite face, 
I,  =  total light emerging from the four sides, 720  QUANTUM YIELD  O1~  PHOTOSYNTHESIS  IN  PURPLE  BACTERIA 
I~  =  light reflected from the face of incidence, 
I.  ~. total light absorbed, 
I~ m light absorbed by the photochemically active pigment. 
Evidently, 
Io =  I  +  Io  +  I, +  I.. 
When the conditions are such that scattering and reflection from the suspension, 
L and 2",, are vanishingiy small the absorbed light is simply: 
I, ~I0-I 
and if only the photochemically active pigment absorbs in the wave length region 
considered 
Z,=  Zo-  L 
This simple state of affairs is believed to have been realized in the efficiency 
experiments done with infrared  light. 
Control experiments with visible light were made in thick vessels to see if the 
scattering of light was significant in relation to pigment absorption.  The bacteria 
have a sharp absorption band at 590 m~ due to the green pigment. 
For the purpose of measuring the light coming out the different faces of rec- 
tangular vessels, sodium light, 589 m~, was measured with a flat surface photocell 
placed in contact with the glass wall of the vessel  As visible light was used the 
reflection due to the cells conld be approximately determined by comparison with a 
magnesium oxide surface illuminated  by a  beam which was dimmed by filters 
till it appeared equal in brightness to the suspension viewed at a small angle from 
the direction of the light.  The transmission of the filter combination was then 
determined with the photocell. 
Table IV shows the approximate percentage of visible light emerging from the 
various faces of the vessel and hence the absorption within the suspension.  In 
the large vessd, an appreciable absorption by the bleached cells  is noticed but 
this is smaller in the thinner vessel.  The greater apparent scattered light in the 
bleached suspension is attributed to its lack of absorbing pigment. 
The amount of scattered light lost at the sides is about 10 per cent under these 
conditions.  In thinner vesseLs--0.1, 0.2, and 0.5 cm.--as used for the measure- 
ments described below it would be only a few per cent and with infrared vanish- 
ingly small. 
Evidence of far less scattering in infrared (852 m~ +  894 m#) than in sodium 
light  was  obtained  by  varying  the  distance  from  vessel  to  photoceU.  With 
visible light  the photoceU current fell rapidly as the distance was increased,  so 
all readings had to be made with the ghss vessd in contact with the photocell. 
With infrared the cell could be moved a centimeter away before a fall in readings 
was obtained. c.  s.  ~cH  721 
Small but  regular  deviations  from Lambert's  and  Beer's laws  are shown  in 
Table V  for visible light passing through cell suspensions.  Light from a  mono- 
chromator, wave length band 580-600 m~, was used. 
Fig.  7 shows the apparatus  with which absorption  measurements  were made 
in the infrared. 
TABLE  IV 
The Distribution of Light Leaving a Bacterial Suspension Illuminated from One Side 
(589 mu) 
Vessel 2.0 X  2.0 X  2.0 cm. 
c.mm. percc,  c  =  10  e=  5 
Incident Io .................. 
Transmitted It .............. 
Reflected/, ................. 
Scattered I .................. 
Absorbed*Io ................ 
Normal  Bleached  Normal  Bleached 
100 
15 
2 
16 
67 
100 
36 
5 
38 
21 
100 
37 
2 
11 
50 
100 
54 
4 
20 
22 
Vessel 1.5 X  1.58  X  0.8 cm.t 
c.mm. percc,  c =  10  c =  5 
Normal  Bleached  Normal  Bleached 
Incident Io .................. 
Transmitted It .............. 
Reflected I, ................. 
Scattered I .................. 
Absorbed* Io ................ 
100 
51 
2 
10 
37 
100 
67 
4 
19 
10 
100 
72 
2 
7 
19 
100 
83 
4 
9 
4 
* Absorbed was taken as Io =  100 -  I  -  I, -  I,. 
Light enters 1.5  ×  1.58 face. 
I0 has been reduced 4 per cent to allow for air-glass reflection of entering light. 
No reflection correction was applied for partial reflection of the light leaving the 
suspension since it is mainly absorbed. 
In Tables VI and VII are sample measurements of transmissions  of bacterial 
suspensions  in the concentrations used for the manometric experiments.  Beer's 
and  Lambert's  laws are followed within  the  rather  large error.  Transmissions 
of the suspensions used in the manometer were always measured in three vessels 
of 0.097, 0.202, and 0.50 cm. and plotted against the thickness.  As the average 
thickness of the liquid in the manometer vessel was 0.293  cm. the transmission 
at  this value was determined by interpolation and the fraction absorbed,  F, 
(I  -  T0.s93).  With the density and thickness of suspensions used, the absorption 
of a suspension of bleached bacteria was identical with that of water for infrared. 722  QUANTUM  YIELD  OF PHOTOSYNTHESIS  IN  PURPLE  BACTERIA 
"Sperrschid~"  photocells were used;  one with a  maximum in  the visible for 
the work with  589  rap,  and another  of far less sensitivity with  a  maximum at 
about 850 m/z for the work in that region, from Dr. B. Lange, Berlin-Dahlem. 
o 
g 
,0.9  .~ 
O  GC~  .  ¢-jea 
o  vo  g~  ¢~ 
0  qm 
n n  I~----=I 
F-250  ram.  6 cm.x.ratet"  F- 250 ram. 
FIO. 7.  Apparatus for absorption measurements with 852  +  894 mp. 
TABLE  V 
Approximate Applicability of Beer's and Lambert' s Laws to Cell Suspensions 
t3* value for various thicknesses and cell concentrations for 580--600 rap. 
Concentration 
c.m,m./cc. 
20.2 
10.1 
5.05 
2.52 
1.93 can.  1.07 cm. 
--  0.0247 
0.0253  0.0232 
0.0242  0.0224 
0.0232  0.0236 
0.49 cm. 
0.0232 
0.0222 
0.0222 
0.202 cm. 
0.0213 
0.0205 
log10 I o/  I 
*~  -  --  The spectral region was isolated by a monochromator. 
¢d 
The Light Source and Optical System 
An  Osram  2 caesium  tube  was  used  for a  line source.  When  operated  at  3 
amperes in series with a  choke coil and a  resistance on the 220 volt A.C. circuit it 
Through the kindness of Dr. Teissing of the Physikalisch-Technische  Reich- 
anstalt an Osram caesium tube was placed at our disposal. 
Various sources with appropriate filters for isolation of single lines in the near c.  s.  FRENCI~  723 
gave  ,he  spectrum  shown  in  part  D  of  Fig.  8.  Nearly  all  the  intensity  is 
in the lines at 852 m/~ and at 894 m~.  Schott filters BG3 and RG2 with 6 cm. of 
water  were  used  to  remove  the visible and far  infrared.  If  desired  Agfa  filter 
No.  85 may be used to remove completely the weak lines of shorter .wave length 
than  840  m~.  Didymium  glass  also  has  useful  bands  in  this  region.  Fig.  9 
shows the spectrogram of the bacterial suspension.  From a comparison of Figs. 8 
and 9, it appears that 852 m# and  894/~ are absorbed to roughly the same extent 
TABLE  VI 
Sample Measurements of Absorption of a Cell Suspension with 852  +  892  m# 
Thickness  Io Bleached  I  Normal  /~c 
cm. 
0.50 
0.202 
0.097 
0.56 
0.202 
9.1 
9.1 
9.2 
9.3 
9.4 
4.8 
6.7 
8.0 
4.4 
7.3 
0.56 
0.65 
0.63 
0.58 
0.55 
Average ....................................................  0. 595 
TABLE  VII 
Sample Measurements of Absorption of Cell Suspensions with 852  +  894 ms* 
Thickness  Concentration  T 
cm. 
0.50 
0.202 
0.097 
0.50 
0.202 
0.097 
c.mm./cc. 
10 
10 
10 
5 
5 
5 
Io 
Bleached 
8.5 
8.5 
8.5 
10.5 
10.5 
10.4 
I 
Normal 
3.6 
5.4 
7.2 
6.6 
8.4 
9.7 
0.42 
0.64 
0.85 
0.63 
0.80 
0.93 
T  calc. 
= o.oso 
0.40 
0.69 
0.83 
0.63 
0.83 
0.92 
0.074 
0.097 
0.074 
0.081 
0.096 
0.062 
Average ............................................................  0.080 
by the bacteria and both lines fall within the same absorption band.  It is felt 
that this tube is a  satisfactory source for work in this region which falls between 
the much studied visible spectrum and the now popular longer wave infrared. 
When used with the optical system shown in Fig.  10, the available energy was 
200  ×  10  -3 cals./min, when the tube was new but decreased  to one-third of this 
infrared,  visible, and ultraviolet spectrum are described in pamphlets issued by 
the Osram Studiengesellschaft, Berlin. 724  QUANTUM  YIELD  OF  PHOTOSYNTHESIS  IN  PURPLE  BACTERIA 
FIG.  8.  Near  infrared  spectrogram  of  the  caesium  lamp.  Taken  with Zeiss 
spectrograph  for  chemists  converted  for  infrared  work  with  the  grating.  The 
wave length region has been shifted 300 m~ in relation to the scale on the plate. 
The  number  at  the  bottom  shows  correct  wave  length.  Plate,  Agfa  "850." 
Schott filter RG2 used to cut off second order spectrum. 
Dia- 
phragm 
cm, 
A.  Filament lamp ................................... 
B.  Caesium  "  .  ..................................  1.5 
C.  "  "  .  ..................................  1.5 
D.  "  "  ................................... 
E.  "  " 
...................................  i  G.  Na tube, just started, showing A  lines ..............  1.5 
Slit  ..... v 
width  amper- 
mtn. 
0.2 
0.1 
0.1 
0.1 
0,1 
0,1 
0.1 
Lamp 
age 
10. 
3.0 
3.0 
3.0 
2.0 
1.0 
2.0 
Ex- 
posure 
mln. 
1 
5 
2O 
15 
15 
75 
10 
after running between 50 and 100 hours.  It was allowed to warm up at least half 
an hour before use to prevent intensity change during the measurements.  Large 
energies were necessary because the sigmoid character of the intensity curve made C.  S.  FRENCH  725 
FIG. 9.  Infrared absorption bands of Streptococcus varians.  Plate "950" Agfa. 
A.  Filament lamp.  Slit  =  0.15  mm.  Exposures:  4,  2,  1 min.  for comparison 
with spectra B  and C. 
B.  Same with 0.2  cm.  bacterial suspension in  tap water before slit.  70  c.mm. 
cells per cc.  Exposures:  16, 8, 4, 2, 1 min. 
C.  Same with 0.1 cm. of same suspension.  Exposure:  16, 8, 4, 2, 1 min. 
D.  0.5  cm.  bacterial suspension  in  yeast extract  as grown.  Exposures:  16,  8, 
4, 2,  1 min. 
E.  Filament lamp as used for spectra D.  Exposures:  4, 2, 1, 0.5 min. 
it essential to  carry out measurements  over a  large  range in order to find the 
maximum slope. 
Quantum Yield Experiments 
7 cc. of the suspension of bacteria in 0.05 ~  KHCO3 in tap water was 
placed in one vessel of a  differential manometer  and some of the same 
suspension set aside for the transmission determinations.  The control 
vessel  contained  7  cc.  of  the  bicarbonate  solution  without  bacteria. 
On  the  assumption  that  the  pressure  change  was  due  to  2H~  +  COs 726  QUANTUM  YIELD OF  PHOTOSYNTHESIS IN  PURPLE  BACTERIA 
disappearing, the cathetometer readings were reduced to cubic milli- 
meters of H2 by the following formulae: 
h =  pressure change in ram. Brodie solution 
XH2 =  c.mm. H2 
kH2 =  vessel constant for H2 
kco2 =  vessel constant for CO~ 
XH2  =  h  X  KH 2 
kco,~ X kH~ 
KH  2  --  1.72 
0.5kuz -t- kco~ 
C~CI~ 
--  %J~teP 
4~ 
o  ¢] 
O 
F=160 ram. 
Itl  O 
-.-4  II  II 
6 cm.x.ratet-  ~'=9~ ram. 
FIG. 10.  Apparatus for photochemical measurements. 
The vessel constants,  kH2 and kco2, were obtained  by  the formula 
given by Warburg  (1926). 
The vessels (Fig. 10) were thin and rounded on the bottom to keep 
the  liquid from  climbing up  on  the  sides  too  much  during shaking. 
The  dimensions were: 
Area of bottom of experimental vessel  -- 23.8 cm. ~ 
Volume of experimental vessel  =  19.37 cc.  -  19,370 c.mm. 
Volume of control vessel -=  23.15 cc.  =  23,150 c.mm. 
Area of capillary cross-section  =  0.103 rnm.  2 
All the experiments described in this section were done at 9.2°C., as c.  s.  ~I~E~CH  727 
at  higher  temperatures  the  initial  fiat  portion  of  the  intensity-rate 
curve was exaggerated and at lower temperatures the rates were too 
small to measure accurately.  Readings were made for two 5 minute 
periods at each light intensity after 5 minutes adaptation. 
In  Fig.  10  is  shown  the  arrangement  for illuminating  the  vessel. 
The single lens produces a  round, sharp,  evenly illuminated image of 
the condenser lens at the vessel plane, the area B of which is computed 
from the measured diameter.  The thermostat was designed to give 
as  short  a  light  path  as  possible  through  the  water  which  absorbs 
appreciably at 850 m#.  The dish of CaC12 keeps the air in the cham- 
ber dry,  eliminating  fogging of the  glass  surfaces.  Absolute  energy 
measurements were made either at the beginning or end of the experi- 
ment  with  a  bolometer which  measured  all  the  light  in  the  beam 
focussed upon it with a shorter focus lens than that used to illuminate 
the vessel.  The intensity at the plane of the vessel is given by: 
RTw  X 21,300 
It ~-  ~ B  X 10  -~ =  cals./min./cm 2. 
where 
R  -- reflection correction for glass between bolometer and vessel, 
Tw  -- transmission  of 1  cm, water for 852 m#  ffi  0.96 
B  ffi area of light circle at vessel 
21,300  X  10  -8  =  bolometer calibration factor determined with a Hefner lamp 
~q =  resistance in ohms in circuit to bring the galvanometer back to zero during 
illumination of bolometer. 
The intensity could be diminished to nearly any desired value with a 
set of neutral glass filters calibrated bolometrically with this light. 
Measured rates of assimilation in millimeters of Brodie solution per 
5 minutes were plotted against light intensity (Fig.  11). 
The Einstein, (mole quantum), is: 
N~  6.06 X 10  ~* X 6.55X10  ~7 X 3 X 101°  1 Einstein ffi Nhv  ffi  --  ffi 
;~  852 X 10  -7 
ffi 1.40 ×  10'" ergs 
= 33,500 cals. 
(1  cal.  ffi  4.18  X  10  7 ergs). 728  QUANTUM  YIELD  OF  PHOTOSYNTHESIS  IN  PURPLE  BACTERIA 
2 
/'- 
CaXs./cm 7o  0.5  i.o 
min.x iO  ~  Lil~ht  ifttensity 
FIG.  11.  Rate of assimilation as a  function of light intensity.  Data of sample 
experiment.  The intensity scale represents cals./cm.2/min,  failing of the vessel 
bottom. 
TABLE  VIII 
Quantum Yield of Hydrogen +  Carbon Dioxide Assimilation. Summary of Data 
O. 17 
Fraction  Quanta 
absorbedF  pe~H2 
0.58  7.2 
0.43  7.9 
0.45  4.5 
0.26  3.5 
0.45  2.9 
0.36  8.1 
0.43  2.9 
0.36  2.5 
0.34*  2.9 
2.2 
II ~tercept 
atP  s  0  'I 
, ~xtrap.) 
0.29 
0.36 
0.27 
0.27 
0.28 
0.39 
O, 20 
O. 13 
0.11 
0.05 
Previous treatment  of cells 
None 
None 
25  ° light, 5 hrs., 5 per cent CO~/H2 
25  ° light, 2 hrs., 5 per cent CO~/Hs 
Measurement in yeast extract growth medium 
25  ° light, 1 hr., 5 per cent COs/H2 
25  ° light,  ½ hr.,  5  per cent  CO2/Ar 
½ hr., 5 per cent CO~/H2 
25  ° light, 1½hrs., 5 per cent CO2/Ar 
10 min., 5 per cent CO2/H, 
23  ° dark,  1½ hrs., air 
* Complete data for thisexperiment given at the end of the paper. c.  s.  ~c~  729 
q~ 
CY 
0 
0 
6 
I 
01  f  I  I 
0.1  0.2  0.5  0.4 
Inte~ccpt 
FIG. 12.  The data of Table VIII.  The number of quanta required to assimilate 
one Hs, as cslculated from the slope of the plots of rate of assimilation  against 
light intensity, is shown as a function of the intercept of the extrapolated straight 
part of the curve on the intensity axis.  Each point represents the results of one 
experiment.  The point with the black dot is the sample experiment the data of 
which is given in full and plotted in Fig. 11. 
This plot makes it evident that as the inhibiting effect seen at low light inten- 
sifies is removed, the value approaches 2 quanta per H~. 
We will designate by ~, the number of mole quanta required to make 
1 mole of H~ disappear. 
Quanta  Einsteins  cals. per rain.  2.24  X  107 
~ "  Mole~es  moles  c.mm. per mira  X  33,500 
E  ~ =_~x669. 730  QUANTUM  YIELD  OF PHOTOSYNTHESIS  IN PURPLE  BACTERIA 
On  the steepest part  of the  curves of rate  of assimilation,  h  per 5 
minutes against intensity, 11,  two points  are taken and values of h 
and/i  taken as differences: 
k=  h~ --/%  and/1  --(11),  --  (Il)z 
Rate of photosynthesis per minute then is: 
K/72 
P  =h  X  ~  c.mm. per rain. 
and absorbed energy: 
E  =  I~ q~ Fcals.  per rain. 
where ql is  the bottom area of the bacterial suspension  exposed to 
light and F is the fraction absorbed. 
In Table  VIII we have summarized the quantitative experiments 
made as described above.  As a measure of the amount of the flatten- 
ing at  the bottom of the curve we have taken the intercept of the 
straight line portion with the zero axis.  This value, as well as  the 
quantum yield, varies with the previous treatment of the bacteria; 
it appears to  approach zero and the number of quanta 2  per H~ as 
more favorable handling is  approached.  That  is,  4  quanta  are re- 
quired for the reduction of one CO2 molecule. 
DISCUSSION 
The main point of this paper is to  show that the mechanisms of 
photosynthesis in the green plant and in purple bacteria are similar 
because both types take about 4 quanta to reduce one CO2 molecule. 
Green plants fix energy by  making carbohydrate from CO, and tt20 
while in the case of a reaction with  2H~ and 1C02 there is little if any 
energy change  in  going to  carbohydrate or similar substances.  In- 
stead of reacting with  water and  splitting out 02 the bacteria take 
in H~. 
Green plants  H,O  q-  CO: -+  (CH20)  +  O2  --  114,000 cals. 
Purple bacteria  2H2 "JF CO~ ~  (CH.~O) ?  Jr-  H20  -4- 0  cals. 
There is in these bacteria no reaction between H~ and COs in the 
dark as is the case in some species.  The dark readings are very small 
and in the opposite direction, as though there were fermentation or 
acid production.  0nly with very dense cultures is this appreciable. c.  s.  I~RENCm  731 
In the quantum yield experiments the pressures were always negative. 
There is no need for assuming a constant rate of a predominating dark 
reaction as in the case with green plants where respiration goes on 
faster than photosynthesis at the low intensities used for efficiency 
measurements.  As  these  experiments  with  bacteria  were  done 
anaerobically and no 09 is produced there is no respiration.  Quantum 
yield experiments on CO~ reduction by butyrate in Spirillum rubrum 
(which does not use 1-I2) were not very successful, possibly because of 
the high fermentation rate. 
It  should be pointed out that  the  shape of the intensity curves 
cannot be attributed to  a  reaction dependent on having 2  or more 
quanta hit the same place nearly simultaneously because the curve is 
very much influenced by temperature and previous treatment of the 
bacteria.  As a working hypothesis not yet contradicted by any facts 
it is thought that at low light intensities another photochemical re- 
action involving possibly CO, and an organic substance takes place in 
preference to the hydrogen assimilation.  With the hope of removing 
this  hypothetical  organic  substrate  the  bacteria  were  treated  in 
various ways as shown in Table VIII.  Shaking with air made the 
back extrapolated straight portion of the curve very nearly go through 
the  origin and gave  the  highest efficiency.  Whatever  the  reason, 
this  treatment  considerably  improved  the  yield.  Bacteria  left  in 
H~ at 25  ° in 0.05 ~  KHCO, in the light for 24 hours were not motile 
nor photosynthetically active. 
The accuracy and number of the determinations is not yet as great 
as could be desired, but since the absorption measurements can be in 
error only in the direction corresponding to too large a  number of 
quanta it seems fairly evident from Table VIII and Fig. 12 that the 
probable value is 2 quanta per H, or 4 per CO,. 
SUMMARY 
1.  The effect of H, tension, CO2 tension, pH, time, light intensity, 
density of suspension, salt content of the medium, and certain spectral 
regions on the rate  of photoassimilation of H2 and CO, by Strepto- 
coccus varians has been studied. 
2.  The method of making light absorption measurements with thin 
suspensions of bacteria is described. 
3.  A light source, optical system, and filter for isolating 852 m/z with 732  QUANTUM  YIELD  OF PHOTOSYNTHESIS  IN PURPLE  BACTERIA 
894 m# in sufficient intensity for photochemical work and an improved 
design of thermostat are given. 
4.  The  photoassimilation  of  2H~  with  1CO~  apparently  involves 
little over all energy change but nevertheless requires 4 quanta. 
It is a  pleasure to thank Professor Warburg for laboratory accom- 
modations and for his constant help and interest in the work.  To all 
the workers in the Laboratory I  am deeply indebted for suggestions, 
and particularly  to  Messrs.  Haas,  Kubowitz,  and  Hartwig for much 
direct  collaboration.  Grateful  acknowledgment  is  due  to  Professor 
van Niel who gave me the bacteria, taught me pure culture methods, 
and generously shared his stimulating ideas. 
Protocol 
Sample Experiment 
June 17, 1936 
Streptococcus varians grown as described in the text. 
Time  Treatment 
9:05-9:35  Centrifuged at 6,000 a.P.,~. 
9:35  Suspended  in  4  cc.  tap  water;  centrifuged  1  minute  at  10,000 
R.P,g. to remove sediment.  Diluted about 50 times with 0.05 M 
KHCO3 and shaken with argon 5 per  cent COs;  7.0 cc. put in 
manometer vessel. 
10: 30-12 :  00  Put over show-case lamp at 25  ° with argon 5 per cent COs. 
12:00-12:10  Passed 5 per cent COs/H~ through. 
12:20  Put at 9.2 ° in thermostat. 
1:03  Started readings. 
2:45  Experiment stopped. 
This time schedule is not typical.  Generally centrifuging was done later in the 
morning and measurements made in the late afternoon. 
Absorption Measurements 
Vessel thickness 
d 
O. 50 
0.202 
0.097 
Deflection without 
vessel 
/o 
10.8 
10.9 
11.1 
Deflection with vessel 
i 
5.2 
7.4 
9.1 
Io X  0.93" 
T 
0.52 
0.73 
0.88 
* Separately determined transmission of all vessels with either bleached sus- 
pension or water. C.  S.  FRENCH 
Data Sheet of Sample Experiment 
June 17, 1936 
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Tem =  I  J  Beckman  I  h  thermometer  Time  Cathetometer readings  h  Average 
3.02 = 9.2°C. 
11 -  1.20 X 10~ cals./cm.~/mln. 
mm. 
3.02 
3.025 
3.025 
3.00 
rain, 
0 
5 
5 
5 
ram° 
4~ 19 
5.27 --1.09 
6.30 --1.03 
7.25 --0.95 
ram. 
22.23 
21.39 --0.84 
20.55 --0.84 
19.74 --0.81 
mm. 
--1.95 
--1.87 
--1.76 
1.88 
Neutral filter C(T  =  0.360) 
11 =  1.20 X  I0-' X  0.360 =  0.43  X  10  -s cals./min./cm,  s 
3.22  0  8.41  18 71  I 
[ 
3.22  5  9.23 --0.82  17.99 --0.72  1.54  [  --1.47 
5  9.97 --0.74  17.32 --0.67  1.41 
Neutral filters B  -t- C 
11 --- 1.20 X  10-' X  0.360 X 0.567  =  0.245 X  10  -a 
3.01  0  11.30  16.12  J  ] 
3.01  5  11.69 --0.39  15.78 --0.34  I  --0.73  I 
3.02  5  12.15 --0.46  15.37 --0.41  --0.87  --0.80 
B'+C 
It =  0.245 X  10-' 
3.01  0  12.88  14.70  [ 
3.01  5  13.25 --0.37  14.31 --0.29  --0.66  I  --0.74 
3.01  5  13.68 --0.43  13.92 --0.39  --0.82 
Bq-B'+C 
I,  =  1.20 X  10  -a X  0.575  X  0.567 X  0.360 =  0.139  X  10-' 
3.02  0  ]  13.84  13.78  I 
3.02  5  [  13.95 --0.11  13.71--0.07  --0.18  ]  --0.20 
5  14.06 --0.11  13.61 --0.10  --0.21 
Dark 
I, =  0 
3.02  0  14.15  13.54 
3.02  5  14.20 --0.05  13.49 --0.05  --0.10 
3.015  5  14.15 +0.05  13.54 +0.05  +0.10  0 
At beginning:  After experiment: 
387  X  10-* 
f~**  322  I1-  -  1.20  X  10-*  f~-  318 
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The average thickness of the suspension in the manometer is taken 
7.0  as  =  0.293  cm.  The transmission of this thickness was deter- 
23.8 
mined by graphical interpolation, plotting T against d; in this case it 
amounted to 0.66.  Therefore, 
F  =  (1 -- 0.66)  =  0.34 =  fraction of incident  light absorbed 
in manometer vessel. 
T~  =  0.96 for  1 cm. water at 852 n~. 
First  Second 
window  Mirror  window 
R  =  0.92  X  0.95  X  0.96  =  0.84 
Bffi(?)',---44.4cm'. 
ll = T:R X  21,300.  X  10-  3  = 
B  £ 
387 
=  ~  X  10--  ~ cals./cm.-2/min.  f~ 
0.96  X  0.84  X  21,300  X  10-  a 
12 44.4 
This formula was used to calculate the intensities recorded in the 
data sheet and plotted in Fig. 11 against the pressure readings.  The 
slope of the steep part of the curve is h/I1 =  5.5.  Therefore: 
g  =  11  gig  =  1  ×  10  -a  X  23.8  X  0.34  =  8.1  X  10  -a 
K~  1.72  P=hX  ----*  =  5.5  X  --~  =  1.9 
E  2.24  X  10  "7  8.1  X  10  -3 
"1'  ~= ~  X  33,500  " ffi  1.9  X  669  =  2.85 quaaata per H~ 
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